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This research provides a rolling planning method for distribution networks, which takes into account shared energy storage capacity configuration and grid topology optimization due to the stochastic unpredictability of the planning scenarios and the interaction between multi-agents. First, the grid topology and the investment capacity of the shared energy storage are optimized by the gird company with the aim of minimizing the overall cost within the planning time scale, and a distribution network planning model that precisely satisfies the reliability requirements is built. Second, the operational utility model of prosumers is suggested based on the planning strategy of the grid company. The cooperation of grid company corporations with prosumers is established in the evolutionary game model. The differential evolution algorithm is used to realize the dynamic solution of the planning strategy by creating the replicator dynamic equation of the grid company. The IEEE-33 bus system is taken as an example for simulation analysis for demonstrating the usefulness of the suggested evolution game-based planning model, which can reduce network planning costs and system operational costs while optimizing prosumers’ load curves.
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1 INTRODUCTION
The development of a new power system with renewable energy as its mainstay has emerged as the key to the modern energy system’s transformation in light of the dual carbon objective (Yu et al., 2022). Large-scale access of distributed energy makes the distribution network planning goal to change from the traditional, meeting load growth and grid development needs for alleviating the power imbalance after access of large-scale renewable energy (FU et al., 2022; Lishen et al., 2024). To decouple energy supply and demand in space and time and further encourage their complementarity, energy storage can be used as a linked energy coupling storage and conversion medium (Bai et al., 2022). Therefore, it is important to study the synergistic planning of the distribution grid structure and energy storage in the context of new power systems to enhance the consumption of renewable energy, optimize the load curve of prosumers, and reduce the grid investment cost (Li et al., 2022).
Both domestic and international research studies have been done on the planning of distribution network grid structures (Shi et al., 2019; Wang et al., 2020; HUANG et al., 2021; Li et al., 2021) and energy storage (Xu et al., 2017; Asensio et al., 2018; Wang Q. et al., 2022). For the distribution network expansion planning problem, an Euclidean–Steiner minimal tree problem is built to fit it, which is solved by the simulated annealing algorithm (Shi et al., 2019). Considering the system reliability, a multistage expansion planning model for mesh distribution networks is constructed with customized investment/reliability preferences (Li et al., 2021). In addition, uncertainties associated with demand and renewable-based power production are considered in the distribution system expansion planning problem through a set of scenarios (HUANG et al., 2021). For the energy storage planning problem, a bi-level formulation is proposed to optimize the location and size of energy storage in the market environment (Xu et al., 2017). In Wang Q. et al. (2022), the energy storage planning problem is formulated as a Bayesian distributionally robust optimization model, faced with the interrelated and uncertainty output of renewable energy on the supply side. The interaction between grid planning and energy storage configuration is modeled in a joint distribution and generation expansion problem that includes the demand response (Asensio et al., 2018). However, the aforementioned literature only takes into account the grid company’s independent planning approach with cost minimization, and there is limited research on the distribution network planning and optimization method with multi-investment entities involved.
Groups of prosumers with distributed power and demand response capabilities emerge as a result of the widespread acceptance of distributed power on the customer side and take part in the distribution grid investment planning process. A shared energy storage investment model is suggested (Dai et al., 2021) and applied to enhance system resilience (Wang Wenyong et al., 2022), stable distributed energy output (Zhao et al., 2015), and energy storage profit (Wang et al., 2014; Tushar et al., 2016). According to concept of the shared energy storage investment, the business model of shared energy storage can be divided into single-user investment, multi-user co-investment, and operator or grid company investment. The single-user investment in energy storage ownership for a single user is done when the user has the properties of the producer and consumer, and energy storage can be shared between producers and consumers through the auction mechanism (Tushar et al., 2016). However, in this investment model, a single user must invest heavily, and it is difficult to guarantee that it will be used. As a result, multiple users must invest in public energy storage, which creates a new sharing model. Liu N. et al. (2018) proposed an energy-sharing model based on public energy storage for PV prosumers, and Zhong et al. (2020) proposed a Lyapunov optimization framework-based online management method for virtual energy storage capacity in users. Although the ownership of energy storage belongs to all users, an upper-level manager is still required to coordinate the users’ capacity allocation and to ensure regular operation of the energy storage system. To address this issue, a shared energy storage business model with investments from operators or grid companies has emerged. In order to encourage market participants to honestly disclose their needs for shared energy storage leasing and increase cost recovery, a combined auction operation model is built coupled with the multidimensional parameters of shared energy storage (Wu et al., 2022). In addition, a new shared energy storage pattern named cloud energy storage is proposed (Liu J. et al., 2017; Liu J. et al., 2018), which replaces the physical energy storage on the prosumer side with virtual energy storage capacity in the cloud to enable on-demand use of grid-level shared energy storage resources by prosumers. Thereby, users will not have to pay the cost of the investment, but operators will have to deal with the risk associated with both the investment and operation. As a result, a challenging issue in the current research is how to realistically plan the shared energy storage investment capacity while lowering the risk associated with the uncertainty of multiple sources in medium- and long-term planning.
In conclusion, the majority of current studies on distribution network planning concentrate on the investment cost–benefit model of grid companies, ignoring the impact of prosumers’ energy-sharing modes on the planning process, while only a small number of companies dynamically take prosumers’ dispatching strategies into account in the planning process to achieve rolling optimization of the planning strategy under uncertainty. Accordingly, this paper proposes a differential evolutionary algorithm under the evolutionary game based on this and dynamically corrects the planning strategy to find the best solution through the two processes of planning. The evolutionary game emphasizes the dynamic evolutionary process in which a finite number of rational participants repeat the game through continuous learning. In this paper, we propose a distribution grid evolution planning method that takes into account two types of interests: grid companies and prosumers with photovoltaics (PV) and storage. This method accounts for the uncertainty of prosumers’ load and PV increment. The contribution of this paper can be summarized in the following three points.
1) A distribution network evolutionary planning framework is constructed that considers energy-sharing between prosumers and grid companies. The energy-sharing behavior between prosumers is considered in the planning process, and the energy consumption preference is considered in the operation model of prosumers.
2) A dynamic programming model based on the evolutionary game theory is proposed, which can dynamically modify the planning strategy through planning optimization and dynamic evolution and realize the rolling optimization of the planning strategy under the uncertainty prediction error.
3) A differential evolution algorithm is proposed to solve the proposed dynamic programming model. The IEEE-33 bus system is used as an example to demonstrate the effectiveness of the model suggested in this paper.
2 A BI-LEVEL PLANNING AND OPERATION FRAMEWORK
The bi-level planning and operation optimization framework, which considers the interaction between the planning strategy of the grid company and the energy dispatch strategy of the prosumers, is shown in Figure 1. The research object of this paper is the 10-kV voltage level regional distribution network, and the schematic diagram of the research object is shown in Figure 2. At the same time, taking into account factors such as distribution network structure planning and system operation reliability, the grid company is set as the investor of the shared energy storage. The upper layer of the model is the grid company, which optimizes the distribution network structure and the shared energy storage capacity of each node with the goal of minimizing the total planning cost, and the planning process of the grid company is constrained by the investment capacity and system reliability. Based on the grid company’s planning strategy, the prosumers at the lower nodes optimize their energy storage leasing capacity and energy utilization strategy to maximize the benefits. At the same time, prosumers need to meet the constraints of their own energy balance, energy storage operational constraints, and the constraints of the safe and stable operation of the system. Prosumers lease shared energy storage to the grid company to bring part of the revenue to the grid company; in addition, there is a purchase and sale of electricity between the prosumers and the grid company, which affects the total cost of the grid company. The investment of the grid company in the construction of shared energy storage capacity in each node affects the upper limit of the capacity of the prosumers’ leased energy storage, which in turn changes the energy consumption strategy of the prosumers.
[image: Figure 1]FIGURE 1 | Bi-level planning and operation framework.
[image: Figure 2]FIGURE 2 | Diagram of the 10-kV network in the research.
3 GRID-SIDE ENERGY STORAGE CONFIGURATIONS
3.1 Objective function
The grid company plans the network topology of the distribution network with the shared energy storage investment capacity at each node, and its objective function within the planning stage k can be expressed as follows:
[image: image]
where [image: image] is the cost function of the grid company in the planning period k; [image: image] is the annual equivalent cost of the shared energy storage investment cost within the planning period k; [image: image] is the annual equivalent cost of the line investment cost within the planning period k; [image: image] is the annual equivalent cost of the operation and maintenance cost within the planning period k; [image: image] is the operational benefit of the interaction between the grid company and the prosumers in year y; and Yk is the number of years to be considered within the planning period k.
In the equation, the annual equivalent investment cost can be expressed as
[image: image]
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where [image: image] and [image: image] are the fixed investment costs of investing in shared energy storage per unit capacity and building new lines per unit length, respectively; [image: image] is the shared energy storage capacity of investment node i in the kth planning stage; [image: image] is the length of the new line between nodes i and j in the kth planning stage; r is the discount rate; and mESS and mline are the useful lives of the energy storage and the line, respectively.
The annual equivalent maintenance cost can be expressed as
[image: image]
where μ1 and μ2 are the proportionality coefficients between energy storage and line investment costs and maintenance costs, respectively.
The grid company sets the lease price of the shared energy storage capacity and the cost of charging and discharging usage based on technical and economic analyses. The prosumers purchase energy storage capacity based on electricity usage strategy analysis and issue charging and discharging commands to the shared energy storage capacity purchased based on its own energy storage usage demand in actual operation.
The revenue of the transaction between the grid company and the prosumers is derived from the revenue of the purchase and sale of electricity between the grid company and the prosumers, as well as the fees paid by the prosumers for leasing the shared energy storage capacity and using the energy storage:
[image: image]
where S is the number of typical scenarios. This paper forms several typical scenarios based on the historical data of consumers and producers through the K-means clustering method. [image: image] and [image: image] are the storage capacity tariffs and electricity tariffs, respectively. [image: image] and [image: image] are the load deficits and feed-in tariffs of prosumers at node i at stage k, respectively. [image: image] and [image: image] are the capacity of the prosumers leasing shared energy storage at node i in year y under phase k and the charging and discharging amount of the energy storage in each time period, respectively.
3.2 Planning constraints
Limitations on the scale of investment in energy storage equipment, taking into account the limitations of construction space and investment costs:
[image: image]
where CESS_max and CESS_min are the upper and lower limits of the installed capacity of the node energy storage, respectively.
At the same time, the total energy storage capacity leased annually by all prosumers shall be no greater than the shared energy storage capacity planned by the grid company:
[image: image]
For each planning phase, the next phase is based on the realized planning of the previous phase:
[image: image]
[image: image]
The routes constructed shall be in the buildable route planning set with the following constraints:
[image: image]
where [image: image] is the set of all plannable line solutions, i is the line start point, and j is the line end point.
For the load nodes in the distribution network, their node failure characteristics can be represented by node failure rate and node failure duration. In this paper, the Monte Carlo sampling method is used to evaluate and analyze the system reliability, and the system average interruption frequency index (SAIFI), system average interruption duration index (SAIDI), and average service availability index (ASAI) are selected and constrained as the reliability evaluation indexes for distribution network planning:
[image: image]
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where Ni is the number of consumers connected to node i; [image: image] is the outage rate of load node i; Di is the outage time of load node i; SAIFImax, SAIDImax, and ASAImin are the maximum SAIFI and SAIDI and minimum ASAI constraints, respectively, under reliable operation of the distribution network.
4 PROSUMER OPERATIONAL BENEFIT MODEL
4.1 Objective function
With the objective of maximizing their own benefits, prosumers decide on the annual lease capacity, the charge and discharge energy of energy storage in each time period, and the flexible load based on the time-sharing tariff of the distribution network, which is calculated as follows:
[image: image]
where Ui is the objective function of prosumers at node i. [image: image] denotes the utility of prosumers at node i in time t. Prosumers have different preferences for load consumption at different times, and the diverse preferences are considered in the form of preference coefficients in the utility function (Ma et al., 2019).
4.2 Operational constraints
To ensure the stable operation of the distribution network, the following constraints should be satisfied:
The energy balance constraints of prosumers can be expressed as
[image: image]
where [image: image] is the charging and discharging state of prosumers at node i, where the charging state is positive and the discharging state is negative. [image: image] is the demand of prosumers at node i in time t. [image: image] is the PV output of prosumer i at time t.
System power flow constraints:
[image: image]
where [image: image] and [image: image] are the active and reactive powers injected at node i, respectively; [image: image] and [image: image] are the voltage amplitude of nodes i and j, respectively; [image: image] and [image: image] are the electrical conductance and susceptance values of branch ij, respectively; and [image: image] is the voltage phase angle difference between nodes i and j.
Node voltage constraint:
[image: image]
where Umax and Umin are the upper and lower limits of node voltage amplitude, respectively.
Transmission line capacity constraint:
[image: image]
where Smax and Smin are the upper and lower limits of transmission line power transmission, respectively.
Energy storage operational constraints:
[image: image]
[image: image]
[image: image]
[image: image]
where EESS,max is the upper limit of the charge/discharge energy of the energy storage. Considering the safe operation of the energy storage, its charge/discharge energy cannot exceed EESS,max. Qk,t,s is the capacity of the shared energy storage at time t. SOCk,t,s is the charge state of the shared energy storage at time t, which is the ratio of its current capacity to the rated capacity. SOCmax and SOCmin are the upper and lower limits of the charge state of the energy storage, respectively. η0 is the charging and discharging efficiency of the energy storage.
5 DIFFERENTIAL EVOLUTIONARY SOLUTION ALGORITHM UNDER AN EVOLUTIONARY GAME
5.1 Basic model of the evolutionary game
Evolutionary games emphasize the dynamic evolutionary process in which a finite and rational participant population repeats the game through continuous learning, i.e., participants can dynamically evolve by repeating the game through continuous learning. In this paper, the demand-side prosumers in the medium and long term are affected by economic conditions and climate change, so the upper layer planning process of the grid company needs to take into account the dynamic change process of the demand side. The dynamic evolution process of the set of planning strategies under multisource uncertainty is similar to the evolution process, so this paper proposes a differential evolution algorithm under the evolution game. The dynamic correction of the planning strategies is carried out through the two processes of optimization of the planning and dynamic evolution, which are used to realize the rolling optimization of the planning strategies under the prediction error of uncertainties.
Based on the three basic elements of the evolutionary game (participants, strategy set, and payment function), the evolutionary game model between the grid company and demand-side prosumers is constructed.
5.1.1 Participants
In this paper, we consider one participant, i.e., the grid company. Since the planning strategy is formulated by the grid company, the operational scheduling strategy of the prosumers considered in the planning process is formed by the forecast of the grid company, which is modified according to the actual situation in the evolution process. The subject of the grid company game is mapped to the population P in the evolutionary game, and there are multiple individuals in the population P, which corresponds to different planning strategies under different stochastic scenarios, and the individuals generate differentiated decisions based on their respective payment functions.
5.1.2 Strategy set
The grid company maximizes its own revenue by planning the shared energy storage capacity at each stage, and the distribution grid network structure. The demand-side prosumers adjust the flexible load, the leasing capacity, and the storage charging and discharging strategies based on the planning strategy to achieve the maximum utility. Each individual of population P randomly generates multiple sets of decision strategies under the constraints, where the set of strategies generated by P is denoted as S. There are S strategies in S, and S can be expressed as
[image: image]
5.1.3 Payment function
The payment function in the evolutionary game represents the cost paid by the participant in selecting the current strategy. In the framework of the evolutionary game constructed in this paper, the population P payment function is the utility function P in Eq. 1.
5.2 Dynamic characteristics of the evolutionary game
The decision process of participants in the evolutionary game has dynamic characteristics, where participants can evolve dynamically by continuously learning to repeat the game. In this paper, the demand-side prosumers’ behavior of electricity consumption in the long term is affected by economic conditions and climate change. So the upper-level planning process of the grid company needs to consider the dynamic change process of the demand side, so the rolling decision behavior of the grid company is modeled as a replicator dynamic equation for analysis (Harper, 2011).
The number of individuals choosing strategy Si in the population at moment t is xi, and the proportion of the number of individuals to the total number of individuals in the population xi is chosen as the state variable, which can be expressed as
[image: image]
where mi is the number of individuals selecting strategy Si, and when the proportion of individuals is 0, it means that the individual is declining and [image: image].
Considering the uncertainty of prosumers’ load and PV growth in long-term planning, the optimal strategy for the current time period is obtained by constructing a dynamic equation for the grid company and the dynamic evolution of different individual strategy choices within the grid company, where the individual average fitness function fi for selecting strategy Si in the advance planning process of the grid company can be expressed as
[image: image]
The fitness function factual is the grid company’s utility function expressed in Eq. 1.
Differentiation of the population state variables in evolution time: since the fitness function is the grid company utility function, if the individual fitness of the selection strategy Si is greater than the actual fitness, the individual growth rate of the selection strategy is negative. The difference equation between the grid company dynamic equation and the individual occupancy rate can be expressed as
[image: image]
[image: image]
where the time granularity of t is the optimization year, which is set to 1 year in this paper. In Eq. 25, the evolutionary process of the individual share of the strategy from year to year is presented.
The planning strategies of the grid company will eventually stabilize, and the evolutionary game will eventually reach a stable equilibrium state. The stable equilibrium strategy of the evolutionary game is defined as follows:
For [image: image] and [image: image], there exists some positive number [image: image], such that the population fitness function f of the selection strategy Si satisfies
[image: image]
At this point, the strategy Si is the evolutionary stable strategy of the grid company.
5.3 Differential evolution algorithm-based solving process
The primary analytical mechanism that sets apart the evolutionary game from traditional games’ static Nash equilibrium analysis is its emphasis on the dynamic nature of the players’ choosing strategies. In contrast to other heuristic algorithms, this method can alter strategies dynamically based on the discrepancy between actual and predicted data. Traditional uncertainty is frequently transformed into a deterministic problem for the best possible solution in a probabilistic manner, and the probability distribution is frequently out of sync with the actual lack of accuracy, while the uncertainty is more challenging to accurately predict in the face of long-term forecasts. To overcome the aforementioned difficulty to evaluate the uncertainty problem, this research proposes a differential evolution algorithm within an evolutionary game that evolves dynamically from year to year.
This paper divides the entire planning time frame into multiple planning stages using the differential evolution algorithm, which is based on the evolutionary game framework and includes two processes of planning optimization and dynamic evolution. At the beginning of the entire planning time frame, the grid company initially generated multiple sets of planning strategies. When the initial set of strategies cannot meet the planning constraints (5)–(13), this strategy is eliminated, where mi = xi = 0. The grid company chooses and implements the current optimal planning strategy in the first year of each phase. Performing planning optimization and dynamic optimization processes in the subsequent years of each planning stage was done to continuously improve the optimal planning strategy. The planning process is schematically depicted in Figure 3, and the specific solution process is depicted in Figure 4.
[image: Figure 3]FIGURE 3 | Schematic diagram of the rolling planning process.
[image: Figure 4]FIGURE 4 | Flowchart for the proposed solution algorithm under the evolution game.
The planning optimization process refers to the prediction of load and PV increment in the subsequent forecast cycle based on the known distribution network topology and prosumers’ load. Under the constraints of Eqs 15–22, the demand-side prosumers’ operation strategies are simulated with Eq. 14 with the aim of maximizing prosumers’ benefits. Eq. 1 yields the value of the grid company’s utility function, which is the value of the fitness function for selecting each individual strategy in the evolutionary game, under multiple planning strategies in this forecast cycle.
In order to minimize deviations from the optimal solution caused by prediction errors on uncertain factors, the grid company's planning strategy must be adjusted as much as possible. The dynamic optimization process is conducted yearly, where the gap between the actual value and the predicted value is taken into account. The individual share in the strategies set is adjusted and evaluated according to Eq. 27. The aforementioned evolutionary process is continuously repeated until the current planning stage is completed.
6 CASE STUDY
6.1 Case description
In this paper, the IEEE-33 bus distribution system is used to verify the effectiveness of the model proposed in this paper. The case study is implemented by a computer with Intel Core i5-1135G7 CPU 2.40 GHz, 16 G memory, and MATLAB 2017a was used as the test environment. The service life of shared energy storage and construction of 110 kV lines is 20 years, and the relevant cost parameters are shown in Table 1 (Chen et al., 2016; Han et al., 2016; Liu H. et al., 2022; Ma et al., 2022). The energy storage charging and discharging efficiency is set to 0.95, the initial SOC is 0.5, and the charging and discharging depth is limited to 10%–90%. Based on the actual data of the demand-side prosumers’ net load of the distribution network for clustering analysis, the typical days were selected in turn to form four typical planning scenarios. The growth trend of the prosumers’ load and prosumers’ self-built PV in 15 years was assumed based on the load prediction results, as shown in Figure 5. The growth trend of the consumer load and consumer-built PV in 15 years was assumed based on the load prediction results, as is shown in Figure 5, where the annual growth rate of the load increased to 9.46% (Ahyeji, 2024), and the annual growth rate of PV grew 13.68% from 2020 to 2025, 8.75% from 2025 to 2030, and 6.07% from 2030 to 2035 (Zhang, 2021).
TABLE 1 | Parameter setting of the case study.
[image: Table 1][image: Figure 5]FIGURE 5 | Annual growth tendency of prosumers’ load and self-built PV under the typical scenario.
6.2 IEEE-33 bus system case analysis
6.2.1 Grid company planning strategy
In this paper, a differential evolutionary algorithm is used to solve the planning decision of the grid company considering the dynamic changes of the prosumers’ decision, and the distribution grid topology and the shared energy storage investment capacity and situation are randomly generated. A total of 255 initial strategy sets are set, the evolution time is set to 15 years, and the evolution time interval is 1 year. The 255 strategy sets correspond to the initial year planning of the grid company in each planning stage, and the evolution process of the planning strategy in the evolution game is shown in Figure 6. This paper assumes that the initial percentage of each strategy is the same. With the evolution of the game, individuals with survival advantages will maintain a positive growth trend with the evolution, and individuals with survival disadvantages show a negative growth trend. The grid company in each planning stage of the initial year selected the highest percentage, that is, the current optimal strategy implementation, and finally, in the 15-year evolution process, only three individual strategies survived, with strategy numbers and percentage ratios of 190 (22.36%), 28 (32.45%), 189 (35.32%), and 119 (9.87%), respectively. The final grid companies’ planning results for shared energy storage are shown in Table 2.
[image: Figure 6]FIGURE 6 | Population evolution process.
TABLE 2 | Planning strategy of shared energy storage.
[image: Table 2]As can be seen from Table 2, the storage capacity of stage 2 is significantly reduced compared with that of stage 1 and stage 3. In the method presented in this paper, the installed capacity of stage 2 is reduced by 12.51% compared with that of stage 1; this is a 27.03% reduction in capacity compared to stage 3. This is because, at stage 1, PV is growing at a large scale, and the load is growing at a smaller rate than that of of PV growth. At this stage, the storage can absorb the excess PV and participate in market arbitrage, thus obtaining greater profits. At stage 2, the load is still increasing, and as distributed PV becomes more and more popular, the additional energy storage capacity is reduced, and the cost of energy storage installation is higher than the income of energy storage arbitrage.
In addition, the planning stage 1 strategies are selected to analyze the system reliability. The system reliability indexes SAIFI, SAIDI, and ASAI are calculated to be 1.46 times y, 15.23 h y, and 99.83%, respectively.
6.2.2 Prosumer operational strategies
The load distribution of demand-side prosumers under different planning scenarios is used to analyze the influence of the planning strategies on the operational strategies of prosumers. In this paper, a typical scenario 2 of the load distribution of the prosumer at node 3 in year 1, year 6, and year 15 is selected as an example. Since the study is about the operation and scheduling strategy of the same node-generator under different planning time scales, its initial net load has the same trend within 24 h, but the power increases according to a certain trend.
As shown in Figure 7, the net load of the prosumer decreases significantly in 1–5 h and 19–23 h. Due to the configuration of the energy storage, prosumers charge in the low-load period 6 h–7 h and in the high PV generation periods 11–12 h and 14–15 h and discharge at the peak load periods 8–13 h and 19–22 h. At the same time, the prosumers schedule the flexible load during the day so that its load peaks are effectively reduced, in which the prosumers’ load peaks are reduced by 717, 1,041, and 2,627 kW in years 1, 6, and 15, respectively. In addition, the peak–valley difference of the prosumers’ load is further reduced, in which the prosumers’ load peaks are reduced by 1781.68, 1,090.85, and 2,627 kW in years 1, 6, and 15, respectively. The peak and valley differences of prosumers’ loads are further reduced, which are reduced by 1781.68, 1,090.85, and 1779.08 kW in years 1, 6, and 15, respectively.
[image: Figure 7]FIGURE 7 | Prosumers’ energy scheduling strategies (A) in the planning year 1; (B) in the planning year 6; (C) in the planning year 15.
6.2.3 Comparison case
To verify the effectiveness of the proposed collaborative dynamic planning method and the evolutionary game method, two cases are set as follows:
Static planning method: the static planning model of grid company and prosumers under the Stackelberg game (Liu H. et al., 2017).
Single planning entities: the planning optimization model considering only the planning cost and operational reliability in the grid side, ignoring the participation of prosumers (Liu S. et al., 2022).
The planning strategies of the grid company under the two cases are shown in Table 3. The comparison of the planning cost is shown in Table 4.
TABLE 3 | Shared energy storage planning strategy.
[image: Table 3]TABLE 4 | Comparison of planning costs of shared energy storage.
[image: Table 4]The total cost of planning under the static planning method case and single planning entity case is −16.97 and 1.018 million RMB, respectively, in the planning years. The total cost of the grid company is reduced by 7.13 million RMB for the planning methods proposed by this paper compared to the planning strategies in the static planning method case. However, the investment cost of the proposed planning method is higher than that of the static planning method case by 6.67 million RMB, as can be seen from Table 2. The investment capacity of the proposed planning methods in planning stage 1 is larger than that of the static planning method case, indicating that in the early investment process, the proposed planning methods paid more investment cost. However, considering the increase of prosumers’ load and PV in the later stage, the grid company can get higher revenue from leasing by prosumers, thus reducing the total planning cost.
Comparing the proposed planning methods and the single planning entities without considering the operation strategies of the prosumers, when the prosumers’ operation is not considered, the grid company only considers the investment and maintenance cost and reliability requirements, the shared energy storage investment capacity under the single planning entities case is reduced by 6.52 MW compared with that of the proposed planning methods, and the investment and maintenance cost is reduced by 1.163 million RMB. However, because the energy storage invested on the grid side is only used for load smoothing on the grid side, the benefits of prosumers are not taken into account, so the revenue obtained by the grid company from the prosumers side in the single planning entity case is 2.460 million RMB less than that in the proposed case. The total cost of the grid company in the planning period is 1.427 million RMB higher than that in the proposed case.
Based on the comparison between cases, it can be seen that when the cost of shared energy storage decreases, the grid company tends to invest in larger capacity energy storage equipment, but its cost–benefit is affected by the investment cost and is also related to the leasing strategy of the prosumers. When it is difficult for prosumers to self-balance their energy, they tend to lease a certain capacity of energy storage from the grid company to cut the high cost of buying electricity directly from the grid. In addition, the self-provided PV capacity owned by prosumers is often affected by weather factors and has strong volatility and uncertainty. In order to avoid the uncertainty of self-provided PV capacity for their energy self-balancing, consumers tend to choose to lease a certain capacity of energy storage to ensure their scheduling flexibility, and the higher the generation ratio, the more capacity is leased by prosumers.
7 CONCLUSION
The paper proposes a rolling planning method for a distribution network considering shared energy storage capacity allocation and grid structure optimization. A capacity planning strategy for shared energy storage is constructed for prosumers based on their load demand. To address long-term uncertainty from prosumers, a population dynamic equation for grid companies is built considering the uncertainties from prosumers. From the simulation results, it is concluded that the method can reduce the planning cost of the grid company and reduce the peak load and the peak-to-valley difference of the system while satisfying the reliability and safety constraints. At the same time, the proposed rolling planning method based on the evolutionary game can be used for the formulation and modification of the rolling optimization strategy considering any dynamic uncertainty. However, there is a mutual influence on the behavior of leasing and shared energy storage between prosumers, and this paper lacks consideration of the interactions of the behavior between prosumers. Furthermore, the planning strategy of the grid company in this paper ignores the social behavior of prosumers, and it will be a future research direction to consider such uncertainty in the planning method.
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